M. RENKIN. Oxygen consumption and blood flow in resting mammalian skeletal mu&e. Am at all blood flows (Q) b a ove 2 ml/min X 100 g. In nine muscles, ~OZ varied with Q up to at least 10 ml/min x 100 g, reaching values up to 60 y0 above J?o, at Q = 3 ml/min x 100 g, which was the same as that of ,constant-Voz muscles. One muscle converted spontaneously from %z-dependent to &z-independent relation to flow. Constancy of vo2 was associated with the presence of resistance vessel autoregulation, particularly if transient response criteria for the latter were used. However, abolition of autoregulation by vasodilator drugs did not change the relation of 902 to 02 in any preparation.
It is concluded that the Vog-Q relation at flows higher than 3 ml/min x 100 g does not depend on vascular autoregulation, but that it is a characteristic of muscle cell metabolism. Blood flow autoregulation may depend on a metabolic pattern which itself limits O2 uptake. autoregulation DIFFERENT WORKERS have reported different relations between oxygen uptake (Vo,) and blood flow (a> in mammalian skeletal muscles. Verzar (21) maintained that VOZ of the cat's gastrocnemius muscle in situ varied directly with blood flow. His conclusion was derived indirectly from observations of the effect of decreasing oxygen supply by reducing arterial oxygen saturation, and was supported, not by direct experimental variation of Q in individual muscles at a constant level of metabolism, but by a close correlation of Vo2 with spontaneous flow in a series of different preparations (20) . In such a series it is impossible to tell whether high levels of Q were a consequence of high VO~'S or vice versa. Nakamura (13) found that Vo2 in the cat leg was independent of blood flow except at very low flows, but Rein and Schneider ( 16) reported that Voz in muscle and deep tissue of the dog's hindleg was reduced when blood flow was decreased by half. Pappenheimer ( 14) measured Voz in isolated perfused legs of dogs as Q was varied at constant arterial 02 saturation.
Voz increased with increasing
Q through what is now considered the normal range for resting mammalian skeletal muscle (4-10 ml/min X 100 g (3, 8, 9) ). At flows above 20 ml/min X 100 g, Vos tended to level off independent of Q. Stainsby and Otis ( 18), however, reported for the dog's gastrocnemius-plantaris muscle preparation in situ that VOB remained constant as Q was lowered by reducing perfusion pressure until Q fell to values below 1-2 ml/min X 100 g. They suggested that maintenance of Vog at low values of Q and low oxygen tension (Paz) depends on the phenomenon of blood flow autoregulation which may have been absent in some earlier preparations. Evaluation of their results relative to those cited previously should not be confused by their observation (like Verzar (20, 21) ) that in their series of preparations Voz was closely correlated with the spontaneous level of blood flow observed at the animal's normal arterial pressure. Recently, Whalen, Buerk, and Thuning (22) reported that for both red (soleus) and white (gracilis) muscles of cats, Vo2 increased with perfusion rate over the physiological flow range for each muscle type. Their preparations showed little or no sign of autoregulation.
A further complication is the possibility of species differences in the VOW-Q relation.
Honig, Frierson, and Nelson (5) reported that doubling of blood flow by acute denervation in gracilis muscles of dogs did not increase VOZ , whereas the same procedure in rats increased Voz substantially. In a series of experiments, we measured Voz in resting isolated, blood-perfused gracilis muscles of dogs at several different perfusion rates, with constant arterial 02 saturation. In some of our preparations, Vo2 was independent of blood flow over the normal range for resting skeletal muscles; in others it increased with increasing flow. Each pattern was present in a substantial fraction of our preparations, and both were persistent for the several-hour duration of our experiments.
In this report, we examine the circumstances associated with each type of relation in our experiments and describe the results of our attempts to influence this relation experimentally. where Cao, represents the concentration of oxygen (ml/ml blood) in arterial blood and Cvo, represents that in blood taken from the gracilis vein. In order to be certain that vo2 was steady when samples were taken, venous blood 02 saturation was monitored continuously by a cuvette oximeter (Waters-Grass).
At the end of each experiment the muscles were weighed and both ~OZ and Q were expressed in ml/min X 100 g. In 4 experiments, the gracilis nerve remained intact throughout; in 4 it was cut between two pressure-flow-'ijo runs; in 27, it was cut before the first run.
(SEM) at flows of 3.3 ml/min X 100 g and higher. At lower flows VOZ falls. The critical Q at which vo2 begins to fall is lower than 3.3 ml/min X 100 g ; the process of pooling flows blurs the sharpness of the decline (see Fig. 2 ). Comparison of voz relative to its constant rate for individual group I muscles indicates that Vo, remains constant down to flows of 1.8-2.0 ml/ min X 100 g. Venous blood 02 saturation at these flows was close to 20 % corresponding (according to the nomogram for dog blood of Rahn and Fenn ( 15)) to an oxygen tension of about 18 mm Hg. The relations of 'ii02 to Q and to venous PO% are essentially the same as described for individual muscles by Stainsby and Otis w
RESULTS
In 25 out of 35 muscles perfused, oxygen consumption remained nearly constant over a wide range of blood flows, falling only at flows below 2 ml/min X 100 g. Nine muscles exhibited a dependence of oxygen consumption on blood flow over the entire range tested. The group of muscles maintaining constant vo, is termed hereafter group I. The group of muscles showing increasing voz with flow is termed group I.. One muscle initially showing the group II relation shifted to group I during the course of perfusion It is not included in tabulation of either group and will be discussed separately.
Oxygen uptake of group II muscles rises over the range of Q from 1 to 10 ml/min X 100 g. At mean flows of 1.4 and 3.3 ml/min X 100 g, voZ was not significantly different from that of group I, but at higher flows, vos continued to increase, reaching 0.400 =t 0.012 (SEM) ml/min X 100 g at a mean flow of 10.2 ml/min X 100 g. Examination of individual curves shows a tendency for VoZ to level off at flows above this range. The behavior of these muscles closely resembles that described by Pappenheimer ( 14) in the dog hindlimb and by Whalen et al. (22) Two  observations for group I muscles fell outside range of figure, at Q = 17.7 and 19.3 ml/min X 100 g, with Tj'oz's of 0.275 and 0.2 70, respectively. These were not significantly different from values measured for these muscles at lower flows (one of these is muscle K in Fig. 2 (Fig. 3) . altered oxygen consumption slightly but not in a consistent The single muscle which exhibited characteristics of consumption and blood flow initially observed. An example of the effect of acute denervation on the relation of %J and Q, as well as on vascular resistance is included in Fig. 2 direction, and it did not change the relation between oxygen started as a typical group II preparation with strong depen&nce of voz on Q(vo2 = 0.2 1 ml/min X 100 g at Q = 5.2 ml/min X 100 g; 0.30 at 10.6). shift to the right, and pressure transients indicative of autoregulation were observed when flow was changed. The criteria were met. From the first appearance of autoregulaautoregulation improved with time, and by 3.5 h, both slightly lower than 0.200 ml/min X 100 g. As to the %702-Q muscles of groups I and 11. Muscle L represents one of the Figure 2 shows voa-Q and pressure-flow curves for some three cases in group I in which vo, was constant at a value pattern, the curves show the same characteristics of groups I and II described in Fig. 1 . There is a clear difference in their ability to control vo2 independently of Q. Muscles of group II tended to be more vasodilated (pressure-flow curves shifted to the left). However, much overlapping of the two groups was found. Many muscles of group 1 showed vascular autoregulation of blood flow by the criterion of a rise in resistance to flow with increased perfusion pressure (8, 9), but there was also a substantial number of muscles which tory transients, voa at flows above 5.2 ml/min X 100 g remained constant at 0.21 ml/min )( 100 g. To test the hypothesis that the distinction between constant J?oz muscles (group 1) and variable vo2 muscles (group 11) depends on autoregulation of blood flow, we infused vasodilating agents intra-arterially to abolish autoregulation after completing the control voz--Q run in 18 preparations.
In 4 experiments we used chloral hydrate ( 10 mg/ml blood) ; in 11 we used papaverine (0.25 mg/ml blood) ; in 3 we used bradykinin (2.5 pg/ml blood Fig. 2 . Response of an autoregulating muscle consists of 3 parts: 2) a rise in perfusion pressure immediately after flow is increased, ii) a decrease or plateau, representing passive distension, iii) a slow rise in pressure to a higher plateau, representing rise in resistance due to arteriolar construction. Last is criterion of autoregulation.
In muscle G it is entirely absent. In H, there is faint indication of a response, but it is not sustained.
between oxygen consumption and Q changed to that of group II by near maximal vasodilatation (Fig. 4A) . In the single experiment in which the initial pattern was group II, there was also no change with vasodilatation.
Infusions of short duration (2-3 min) did not change the rate of vo, . However, prolonged vasodilatation (5 min-1 h) decreased ~OZ at all flows but did not alter the relation of vo2 to Q initially observed (Fig. 4 .@.
DISCUSSION
It has been suggested that the ability of a muscle to maintain constant voz independent of Q might be associated with the way in which the experimental preparation is handled, i.e., how well its normal physiological properties are preserved ( 13, 18). In our series, 8 of the 9 muscles showing voz dependence on Q belonged to the first 16 experiments, falling more or less randomly within this group.
Of the subsequent 19 experiments, only 2 showed voz dependence after 2-3 h of perfusion. Though it is possible that our technique improved with experience, we have not been able to identify any specific aspects of our technique which might be responsible for the distinction between the two groups of muscles with respect to J?oz and blood flow. We do not wish to claim that one or the other relation is normal for the dog gracilis, but to point out that both are possible within the usual conditions of laboratory experimentation. Muscles of group I were able to maintain Voz constant at all values of Q above 2 ml/min X 100 g. These muscles also showed autoregulation of blood flow (Fig. 3) as manifested in transient vascular responses to step changes in perfusion rate (19). In group II muscles, Voz was the same as for group I at Q = 3 m.l/min X 100 g and increased with blood flow up to flows of at least 10 ml/min X 100 g. At flows between 2 and 3 ml/min X 100 g, according to the shapes of the curves in individual experiments, voz must have been higher in group I muscles than in group II. At Q = 1 rnl/min X 100 g, however, Vos's for the two groups did not differ significantly.
Group II muscles did not show transient resistance changes when blood flow was suddenly increased or decreased. If autoregulatory properties of the muscles were evaluated by the criteria of steady-state pressure-flow curves (8, 9), better autoregulation was shown by most group I muscles, but there was considerable overlap of the two groups (Fig. 2) However, even at the lowest flows, most measurements of tissue Po2 were above 10 mm Hg. Furthermore, in our experiments, vasodilatation to minimal or near minimal resistance levels did not alter the VOZ-Q relation in group I muscles. It is possible that the precapillary vessels, which determine the number of open capillaries, are less sensitive to the vasodilator agents we used than are those controlling vascular resistance. However, it seems more likely that something other than tissue PO:! limits oxygen uptake (6, 7, 22) .
If 02 uptake in group I muscles is limited by the supply of ADP to the respiratory chain (State 4 respiration (l)), increased VOZ of group II muscles at blood flows higher than 3 ml/min X 100 g could be attributed to I) increased utilization of ATP, 2) uncoupling of oxidative phosphorylation (thereby removing ADP limitation), and 3) activation of other 02 consuming reactions (not requiring ATP or producing ADP). Whatever the mechanism, it must interact with blood flow in such a way as to produce group II characteristics.
It is hard to imagine how mechanisms I and 2 could meet this requirement, at least under the conditions of our experiments.
Flow-dependent oxygen uptake by mechanism 3 is possible if the affinity of the reactions for molecular oxygen is sufficiently low. Possible reactions include 02 uptake by flavoproteins (auto-oxidation) and lipid peroxidation (6, 12).
